This paper deals with the design and experimental evaluation of an explicit tracking control system for a hydraulic actuator. The tracking control of hydraulic system has been widely applied to many application fields. However, since the hydraulic system has inherently hard nonlinear properties in dynamics, it is difficult to precisely control the position of the hydraulic system. Therefore a robust tracking control scheme was proposed to guarantee the tracking performance in this paper. To design the robust tracking control system, backstepping with sliding mode controller was applied. In order to evaluate the performance of the proposed controller, the experimental results were conducted.
Introduction
Hydraulic systems have been widely used in the industrial field because the systems posses a high power-to-weight ratio, fast response, high stiffness and high payload capability (Prut and Suwat, 2009 ). However, hydraulic systems have highly nonlinear dynamics such as nonlinear servo valve flow pressure characteristics and variations in control volumes. The general approach to control of hydraulic system was a fixed gain linear controller based on the linearized hydraulic dynamics but it limits the performance (Alleyne and Liu, 1999) . In order to improve the control performance, a number of approaches have been applied to design hydraulic control system. The one of the representative approach was an adaptive scheme. The assumption in adaptive scheme was that the original total control volume between a servo valve and cylinder, pipelines and cylinder chambers was certain and known. But the original total control volume in realistic hydraulic control system was uncertain (Cheng and Shuangxia, 2008; Yao, et al., 2000) . Another approaches are robust control system and many difference kinds of control scheme have been researched such as sliding mode, variable structure control and QFT. Also, backstepping control has attracted a great deal of research interest (Kanellakopoulos, et al., 1991; Tan, et al., 2000) . Design procedure of backstepping was based on the Lyapunov stability theorem with dividing into many subsystems of nonlinear dynamics. To improve the robustness of backstepping control, backstepping sliding mode control have been researched (Lu, et al., 2011; Li and Hu, 2011) . In backstepping sliding mode control, the nonlinear system is divided into many subsystems. Sliding mode control is designed for each subsystem with Lyapunov function to guarantee the convergence of the position tracking error.
In this paper, backstepping sliding mode control system was proposed to guarantee the robust tracking performance. The proposed backstepping sliding mode control was designed with linearized hydraulic dynamics to guarantee that the tracking error would converge to zero. To evaluate the performance, the tracking control experiments were conducted and the result of general sliding mode control system was compared. The rest of this paper was organized as follows: Section 2 described the dynamics of the hydraulic cylinder system. Section 3 represented the design procedure of the proposed backstepping sliding mode controller. The tracking control system using the proposed control scheme and traditional sliding mode controller was described in section 4 with experiments. Section 5 remarked concluding.
Dynamics of hydraulic system
To design the back stepping sliding mode controller, the simple double rod hydraulic cylinder system was considered as shown in Fig. 1 . Applying the continuity equation to each of piston chambers yields
where 1 Q and 2 Q are the forward and return flows, 1 p and 2 p are the forward and return pressure, 1 V and 2 V are volume of forward and return chamber, ip C and ep C are internal and external leakage coefficient and  is bulk modulus.
Fig. 1 Valve-piston combination
The volumes of piston chamber can be expressed as follows:
where 0,1 V and 0,2 V are initial volume of forward and return chamber p A is area of piston and p x is displacement of piston.
If it is assumed that the piston is centered such that these volumes are equal, that is, 0,1
 , the total volume of fluid under compression in both chambers can be represented by
Defining load pressure difference L p as represented in Eq. (6), 1 P and 2 P can be written as Eqs. (7) and (8).
Therefore, the volume and continuity expressions can be induced as
where 1 2
Also, using Taylor's series, the linearized equation of pressure-flow curves becomes (Merritt, 1967 )
where v x is displacement of spool, q K and c K are valve flow gain and valve flow-pressure coefficient and they can be written by
From Eqs. (9) and (10), the linearized pressure dynamics can be induced as follows:
The force generated or developed by piston, g F , can be represented as follows (Merritt, 1967) :
where p M , p b , p k are mass, damping and stiffness of hydraulic cylinder, respectively.
As the state variable
is defined, the final linearized dynamics can be induced as follows:
where / v v u x K  and v K is amp gain.
Proposed backstepping sliding mode control scheme
Based on the linearized equation (14) ( )
In the final step, sliding surface was defined as follows:
Using Eqs. (20), (21) and (25) 
Recall 3 3 2 4 ( ) 
In order to evaluate a stability of the proposed backstepping sliding mode control system, a Lyapunov function is selected as follows:
Derivative of Lyapunov function L V can be rewritten by
Based on Lyapunov second stability theorem, it is found that the proposed backstepping sliding mode control system is stable.
Experiments
In order to evaluate the proposed control scheme, the proposed backstepping sliding mode controller(BSMC), traditional sliding mode control(SMC) and PID are applied to the hydraulic servo system as shown in figure 2. In here, control law of SMC was designed as follows (Gao and Hung, 1993) :
where e is error signal, s  , s D and s K are design parameter, and eq u is equivalent control law.
In order to measure the states of hydraulic system, pressure sensors and LVDT were used. The specification of hydraulic system and the system parameters represent in Table 1 and 2. To implement the control schemes, NI-6259 with LabView software was used. The purpose of the experiment was to keep a good accuracy in terms of position tracking for the desired trajectory and good transient response. In order to evaluate the transient response of the proposed control system, the step response was compared with PID controller which has been widely used in an industrial field. The gains for each controller were obtained by trial and error method. The used gains for PID are 0.62 To evaluate the robustness of the proposed control, the 50kg mass at the end of piston rod was attached. Figure 5 represented the tracking results and error signal. In this case, the RMS for each case are 0.283 for the proposed control law, 0.473 for SMC and 0.935 for PID. Through the experiments, it is found that the proposed control scheme has faster step response and smaller tracking error than the compared controller. 
Conclusion
In this paper, a robust backstepping sliding mode control design was proposed and it was applied to the hydraulic double rod cylinder system. The sliding surface of proposed control scheme was designed with back stepping control structure. Therefore, the proposed sliding surface could deal with the dynamics of system. Also, the stability of proposed control scheme was proved by Lyapunov stability theorem. In order to evaluate the proposed control scheme, the transient and tracking performance was compared with PID, conventional SMC and the proposed BSMC. Through the experimental results, the proposed control system showed faster transient response and the improved steady state response.
